as well as the impact of the thermal expansion and induced stress on the diffusion bonding are emphasised. The best configurations for reducing the temperature peaks, the Von Mises stresses on the diffusion bonding, and the thermal lensing are determined.
Introduction
In the last years, diode end pumped erbium ytterbium glass microchip lasers have been widely used for different applications mostly due to their compactness, low cost and incredible efficiency. The simplicity of the passive q-switching using saturable absorbers like Co: MALO (Co 2þ :MgAl 2 O 4 ) allowed the generation of short nanosecond pulses with high peak power around the eye safe wavelength of 1.5 mm, perfect for telemetry applications [1e10] .
Various researches were conducted in order to optimize the performances of such microchip lasers especially in the pulsed regime [12e15] . Recently, a compact 2.2 mm long microchip laser based on erbium ytterbium phosphate glass and Co:MALO saturable absorber was developed using the thermal diffusion bonding technology. The internal losses and size of the cavity were greatly reduced due to the diffusion bonding, thus the generation of short nanosecond pulses with 2.9 ns pulse duration and peak power up to 10 kW was possible [11] .
Besides peak power and pulse duration, other important aspects should be studied: thermal effects and thermal lensing. Erbium ytterbium doped phosphate glasses are efficient for laser generation around 1.5 mm; nevertheless they have lower thermal conductivity than crystalline media. Moreover, the high absorption of the pump power, the quantum defects and the significant nonradiative transitions in the abundant energy level of Er 3þ generate severe thermal effects. As a result, dramatic degradations occur in the output beam quality and power, this can even lead to the suppression of the laser generation. Also phosphate glasses have negative thermo-optical parameter and the stabilization of the microchip greatly depends on the thermo-mechanical effects.
In this paper, the study of the thermal effects and the thermal lensing in erbium-ytterbium phosphate glass diffusion bonded with Co:MALO saturable absorber is conducted. The analysis is based on numerically solving the heat equation and estimating the deformation of the end faces of the microchip laser as well as the Von Mises stresses. The best configurations for reducing the temperature peaks, the Von Mises stresses on the diffusion bonding and the thermal lensing are determined. According to the knowledge of the authors, no such analysis was done for such kind of microchip laser which could be very promising for compact and powerful pulsed microchip lasers.
Model and setup
The developed microchip laser is shown in Fig. 1 active media and the saturable absorber were polished to the thickness of 1.9 mm and 0.29 mm respectively. The input and output mirror were directly coated on the end faces (4 Â 4 mm) of the microchip resulting in a 2.2 mm long plane parallel cavity. As pump source a 100 mm core diameter laser diode was used. The regime of pumping was quasi CW with 50% duty cycle and a period of 20 ms. The maximum average pump power used was 500 mW and no particular cooling system was used.
Various formulas were used in literature to describe the thermal effects and the thermal lensing [16e19] in a microchip laser. The well-known one was derived by Tidwell et al. [20] ; however such formulas were derived basing on simplification assumptions which are not always true. These assumptions are related to the shape, the heat transfer direction, the deposited beam and the dimensions of the laser medium.
The thermal analysis of our microchip laser requires a more rigorous approach due to the diffusion bonding. Indeed, phosphate glass and MALO crystal have completely different material properties like heat conduction, thermal expansion and thermo-optical parameter. Furthermore, in this case the side of the pumping matters.
Thus, a rigorous approach consists of numerically solving the heat equation of the studied case using finite elements with no simplification assumptions. The general form of the heat equation can be described by: 
Where T is the temperature, K is the thermal conductivity and Q is the generated heat rate, rc are the density and the specific heat, and r,4,z are the cylindrical coordinates. The equation above is more general, the time dependence of Q(r,4,z,t) can be used to specify the CW or the pulsed pumping regime. In our case the frequency of pumping was 50 Hz which is much greater than the inverse of the thermal relaxation [21] (thermal time constant) which is given by:
Where r b is the center to edge distance of the microchip laser. In this case the system is sensitive to the average input pump power and the steady state solution can be computed.
The heat equation was solved using finite elements with ultrafine free tetrahedral mesh. The initial temperature of the microchip was equal to the ambient temperature in the lab 293.15 K. Concerning the boundary conditions the external faces of the microchip laser were subject to natural convection.
The simulation was done for both pumping wavelengths 940 nm and 975 nm which have different absorption cross-section. For each wavelength the Gaussian pumping radiation was incident on the front face (dichroic input mirror coated on the glass side) then on the back face (dichroic input mirror coated on the MALO crystal side) of the microchip, knowing that the back face refers to the side of the saturable absorber.
The parameters used for the simulation are detailed in Table 1 . Once the heat equation is solved, the thermo-mechanical and optical effects can be estimated using multi-physics software taking into account the interaction between the glass and MALO crystal. Fig. 2 shows an exemplary solution. Fig. 3 shows the temperature distribution in a longitudinal cross-section of the microchip laser for each pumping case. The figure shows that in fact the temperature distribution varies for each wavelength and chosen pumping side. Indeed the high thermal conductivity of Co:MALO comparing to the glass ones makes that the Co:MALO acts like a heat sink which changes the temperature distribution.
Results and discussions
One can see from Fig. 3 that the penetration of the 940 nm wavelength is higher than 975 nm, and in case of the front pumping the highest temperature is registered at the front face (pumped face) where the dichroic input mirror coating is located. When the average pump power is 500 mW, the highest temperature is 430 K at 975 nm. While at 940 nm it is much lower 335 K. In this configuration the most dangerous effects of the temperature rising are on the front face and the coating may be damaged.
On the other hand when the pump power is incident on the back side (the saturable absorber side) of the microchip; the highest temperatures are not registered at the end faces nor at the bonding face but deep inside the glass medium, these temperatures are lower than the previous case. The heat sink effect of the spinel crystal is strengthened in this case especially at 975 nm wavelength due to its proximity to the heat source distribution. The maximum temperature drops from 430 K to 362 K at 975 nm and from 335 K to 320 K at 940 nm. Comparing the temperature distributions in Fig. 3 , one can see that in the case of back pumping at 940 nm the temperature distribution is larger and more homogenous than the rest of cases.
Using the solution of the heat equation, the Von Mises stresses and end faces deformations can be estimated taking into account the interaction between the glass and MALO crystal. Fig. 4 shows the Von Mises stress distribution and deformations for each case.
Beside its heat sink behavior, Co:MALO significantly decreases the deformation and bulge on the pumped face where the dichroic input mirror is coated. The situation is similar to the case of composite rod. The glass is subject to thermal deformation but the contact with MALO crystal, which does not absorb radiations and so is not heated considerably, generates a pressure and stress against this end face which decreases the deformation on this side. However such pressure will extend the rest of the bulge to the other side and raise the stresses on the bonding surface which should be always lower than the breakup stress threshold of the diffusion bonding. Fig. 5 shows the Von Mises stress of the bonding crosssection between glass and MALO crystal.
In the case of front pumping under 500 mW average power, the maximum stress was 3.5 Â 10 6 N/m 2 at 975 nm and this is the lowest value among all configurations, whereas the deep penetration of the 940 nm radiations increases this value to 5.5 Â 10 6 N/ m 2 .
On the other hand in case of the back pumping, the maximum stress increases at both wavelengths. The heated glass is subject of extension which is countered by the colder MALO crystal. The maximum stress increases to 2.6 Â 10 7 N/m 2 and 9 Â 10 6 N/m 2 at 975 nm and 940 nm respectively. Analyzing these results, we can conclude that the safest configuration for the diffusion bounding is the front pumping at 975 nm whereas the most dangerous one is the back pumping at 975 nm.
Concerning the thermal lensing, a rigorous approach to estimate the thermal focal length was done by calculating the optical path difference on the axial propagation of the laser radiations. For a paraxial coherent beam the formula is derived as follows [21, 22] :
Where OPD(r) is the radial distribution of the thermally induced optical path difference (The other symbols are in table). The first term is related to the change of the refractive index with temperature, the second term is related to the end face bulging and the third term is related to stress induced birefringence which is neglected in this case.
Despite of the negative thermo-optical coefficient of the phosphate glass, the plane parallel monolithic microchip laser is stabilized by the strong positive thermal lens induced by the end face bulging.
Applying the integral (3) on the studied microchip:
Note that both glass and MALO crystal are included in the calculation of the OPD. Using the numerical solution of the heat equation for different pumping case and pump power, the OPD is estimated.
To estimate the thermal focal length, the calculated radial distribution of the optical path difference is fitted to the one introduced by a spherical lens which is quadratically dependent on the radial coordinate r (eq. (5)), over the extent of the beam radius inside the resonator (neglecting the aberrations)
OPDðrÞ À OPDð0Þ ¼ À r 2 f th (5) Fig. 6 shows the estimation of the thermal focal length versus the average incident pump power for each of the studied cases. One can see that using 940 nm wavelength greatly reduced the thermal focal length. This is due to the uniform absorption of the pump radiation which yields a uniform temperature distribution in the active media; this decreases the maximum temperature and the end face deformation.
Comparing between the front and back face pumping for each wavelength, we can see that using the back pumping configuration slightly decreases the thermal focal length. This decrease is more apparent at lower pump power. This is also shown in Table 2 , where we can see clearly that the maximum temperature is decreased when using the back side pumping thanks to the high thermal conductivity of the MALO. 
Conclusion
Thermal analysis was performed for erbium-ytterbium phosphate glass diffusion bonded with Co MALO saturable absorber microchip laser. This analysis was based on the numerical solution of the heat equation taking into account the thermal and mechanical interactions between the glass and MALO crystal. The analysis was done for two pumping wavelengths 975 nm and 940 nm, and for two different sides of pumping front and back. It was shown that the back pumping configuration decreases the maximum temperature, end face bulging and thermal focal length due to the heat sink effect of MALO crystals, however it increases the stresses on the bonding area.
It was also shown that 940 nm back pumping configuration is the best configuration for reducing the thermal focal length and maximum temperature in the microchip laser, while the 975 nm front pumping is the safest configuration for the diffusion bonding. 
